In the alignment limit of a multi-doublet Higgs sector, one of the Higgs mass eigenstates aligns with the direction of the scalar field vacuum expectation values, and its couplings approach those of the Standard Model (SM) Higgs boson. We consider CP-conserving Two-Higgs-Doublet Models (2HDMs) of Type I and Type II near the alignment limit in which the lighter of the two CP-even Higgs bosons, h, is the SM-like state observed at 125 GeV. In particular, we focus on the 2HDM parameter regime where the coupling of h to gauge bosons approaches that of the SM. We review the theoretical structure and analyze the phenomenological implications of the regime of alignment limit without decoupling, in which the other Higgs scalar masses are not significantly larger than m h and thus do not decouple from the effective theory at the electroweak scale. For the numerical analysis, we perform scans of the 2HDM parameter space employing the software packages 2HDMC and Lilith, taking into account all relevant pre-LHC constraints, the latest constraints from the measurements of the 125 GeV Higgs signal at the LHC, as well as the most recent limits coming from searches for heavy Higgs-like states. We contrast these results with the alignment limit achieved via the decoupling of heavier scalar states, where h is the only light Higgs scalar. Implications for Run 2 at the LHC, including expectations for observing the other scalar states, are also discussed. *
Introduction
The minimal version of the Standard Model (SM) contains one complex Higgs doublet, resulting in one physical neutral CP-even Higgs boson after electroweak symmetry breaking. The discovery [1, 2] of a new particle with mass of about 125 GeV [3] and properties that match very well those expected for a SM Higgs boson was a real triumph of Run 1 of the LHC. Fits of the Higgs couplings performed by ATLAS [4] and CMS [5] show no significant deviations from SM expectations. (A combined global fit of the Higgs couplings based on the Run 1 results was performed by some of us in [6] .) However, one has to keep in mind that the present precisions on the Higgs couplings are, roughly, of the order of tens of percent, so substantial deviations are still possible. Indeed, the SM is not necessarily the ultimate theoretical structure responsible for electroweak symmetry breaking, and theories that go beyond the SM, such as supersymmetry, typically require an extended Higgs sector [7] [8] [9] [10] . Hence, the challenge for Run 2 of the LHC, and other future collider programs, is to determine whether the observed state is the SM Higgs boson, or whether it is part of a non-minimal Higgs sector of a more fundamental theory.
In this paper, we take Two-Higgs-Doublet Models (2HDMs) of Type I and Type II [11] as the prototypes for studying the effects of an extended Higgs sector. Our focus will be on a particularly interesting limit of these models, namely the case in which one of the neutral Higgs mass eigenstates is approximately aligned with the direction of the scalar field vacuum expectation values. In this case, the coupling to gauge bosons of the Higgs boson observed at the LHC tends towards the SM limit, C V → 1.
1 This so-called alignment limit is most easily attained in the decoupling limit [12] , where all the other non-SM-like Higgs scalars of the model are heavy. However, the alignment limit of the 2HDM can also be achieved in a parameter regime in which one or more of the non-SM-like Higgs scalars are light (and in some cases very light). This region of alignment without decoupling is a primary focus of this paper.
An extensive review of the status of 2HDMs of Type I and Type II was given in [13, 14] . Interpretations of the recently discovered Higgs boson at 125 GeV in the context of the 2HDMs were also studied in [15] [16] [17] [18] [19] [20] [21] . The possibility of alignment without decoupling was first noted in [12] and further clarified in [22, 23] . Previous studies of alignment without decoupling scenarios in the light of the LHC Higgs results were conducted in [24] [25] [26] . The specific case of additional light Higgs states in 2HDMs with mass below ∼ 125/2 GeV was studied in [27] .
Considering experimental as well as theoretical uncertainties, the expected precision for coupling measurements at the LHC after collecting 300 fb −1 of data is about 4-6% for the coupling to gauge bosons, and of the level of 6-13% for the couplings to fermions [28] . The precision improves by roughly a factor of 2 for at the high-luminosity run of the LHC with 3000 fb −1 . At a future e + e − international linear collider (ILC) with √ s = 250 GeV to 1 TeV, one may measure the couplings to fermions at the percent level, and the coupling to gauge bosons at the sub-percent level. A detailed discussion of the prospects of various future colliders can be found in [28] .
We take this envisaged ∼ 1% accuracy on C V as the starting point for the numerical analysis of the alignment case. Concretely, we investigate the parameter spaces of the 2HDMs of Type I and Type II assuming that the observed 125 GeV state is the h, the lighter of the two CP-even Higgs bosons in these models, and imposing that C h V > 0.99 (note that |C V | ≤ 1 in any model whose Higgs sector consists of only doublets and/or singlets). The case of the heavier CP-even H being the state at 125 GeV is discussed in a separate paper [29] .
Taking into account all relevant theoretical and phenomenological constraints, including the signal strengths of the observed Higgs boson, as well as the most recent limits from the nonobservation of any other Higgs-like states, we then analyse the phenomenological consequences of this scenario. In particular, we study the variations in the couplings to fermions and in the triple-Higgs couplings that are possible as a function of the amount of alignment when the other Higgs states are light, and contrast this to what happens in the decoupling regime. Moreover, we study the prospects to discover the additional Higgs states when they are light.
The public tools used in this study include 2HDMC [30] for computing couplings and decay widths and for testing theoretical constraints within the 2HDM context, Lilith 1.1.2 [31] for evaluating the Higgs signal strength constraints, and SusHi-1.3.0 [32] and VBFNLO-2.6.3 [33] for computing production cross sections at the LHC.
The paper is organised as follows. In Section 2 we first review the theoretical structure of the 2HDM. A softly-broken discrete Z 2 -symmetric scalar potential is introduced using a basis of scalar doublet fields (called the Z 2 -basis) in which a the symmetry is manifest. The Higgs basis is then introduced, which provides an elegant framework for exhibiting the alignment limit. We then provide a comprehensive discussion of the Higgs couplings in the alignment regime. In Section 3, we explain the setup of the numerical analysis and the tools used. The results are presented in Section 4. Section 5 contains our conclusions. In Appendix A, detailed formulae relating the quartic coefficients of the Higgs potential in the Z 2 -basis to those of the Higgs basis are given. Some useful analytical expressions regarding the trilinear Higgs self-couplings in terms of physical Higgs masses are collected in Appendix B.
NB: This version of the paper has been updated to include exactly the same constraints as Part 2 with m H = 125 GeV [29] .
CP-conserving 2HDM of Types I and II
In this section, we review the theoretical structure of the two-Higgs doublet model. Comprehensive reviews of the model can also be found in, e.g., [12, 23, 34, 35] . In order to avoid tree-level Higgs-mediated flavor changing neutral currents (FCNCs), we shall impose a Type-I or II structure on the Higgs-fermion interactions. This structure can be naturally implemented [36, 37] by imposing a discrete Z 2 symmetry on the dimension-four terms of the Higgs Lagrangian. This discrete symmetry is softly-broken by mass terms that appear in the Higgs scalar potential. Nevertheless, the absence of tree-level Higgs-mediated FCNCs is maintained, and FCNC effects generated at one loop are all small enough to be consistent with phenomenological constraints over a significant fraction of the 2HDM parameter space [38] [39] [40] [41] .
Even with the imposition of the softly-broken discrete Z 2 symmetry mentioned above, new CP-violating phenomena in the Higgs sector are still possible, either explicitly due to a physical complex phase that cannot be removed from the scalar potential parameters or spontaneously due to a CP-violating vacuum state. To simplify the analysis in this paper, we shall assume that these CP-violating effects are absent, in which case one can choose a basis of scalar doublet Higgs fields such that all scalar potential parameters and the two neutral Higgs field vacuum expectation values are simultaneously real. Moreover, we assume that only the neutral Higgs fields acquire non-zero vacuum expectation values, i.e. the scalar potential does not admit the possibility of stable charge-breaking minima [43, 44] .
We first exhibit the Higgs scalar potential, the corresponding Higgs scalar spectrum and the Higgs-fermion interactions subject to the restrictions discussed above. Motivated by the Higgs data, we then examine the conditions that yield an approximately SM-like Higgs boson.
Higgs couplings and the alignment limit
As noted in the previous subsection, the Higgs basis field H 1 behaves precisely as the Standard Model Higgs boson. Thus, if one of the neutral CP-even Higgs mass eigenstates is approximately aligned with √ 2 Re H 0 1 − v, then its properties will approximately coincide with those of the SM Higgs boson. Thus, we shall define the alignment limit as the limit in which the one of the two neutral CP-even Higgs mass eigenstates aligns with the direction of the scalar field vacuum expectation values. Defined in this way, it is clear that the alignment limit is independent of the choice of basis for the two Higgs doublet fields. Nevertheless, the alignment limit is most clearly exhibited in the Higgs basis. In light of Eqs. (36) and (37), the alignment limit corresponds either to the limit of c β−α → 0 if h is identified as the SM-like Higgs boson, or to the limit of s β−α → 0 if H is identified as the SM-like Higgs boson.
Consider first the case of a SM-like h, with m h ≈ 125 GeV. In this case,
It follows from Eq. (47) that the alignment limit can be achieved in two ways:
is called the decoupling limit in the literature. 8 In this case, one finds that m H ∼ m A ∼ m H ± , so one can integrate out the heavy scalar states below the scale of m H . The effective Higgs theory below the scale m H is a theory with one Higgs doublet and corresponds to the Higgs sector of the Standard Model. Thus not surprisingly, h is a SM-like Higgs boson. However, it is possible to achieve the alignment limit even if the masses of all scalar states are similar in magnitude in the limit of Z 6 → 0. This is the case of alignment without decoupling and the main focus of this study. Finally, if both |Z 6 | 1 and m H m h are satisfied, the alignment is even more pronounced; when relevant we shall denote this case as the double decoupling limit.
For completeness we note that in the case of a SM-like H we have
Here, it is more convenient to employ a convention where c β−α is non-negative. One can then use Eqs. (40) , (46) and (47) to obtain an expression for s β−α . In a convention where c β−α is non-negative,
Taking m H ≈ 125 GeV, there is no decoupling limit as in the case of a SM-like h. However, the alignment limit without decoupling can be achieved in the limit of Z 6 → 0. This case will be discussed in detail in [29] . We now turn to the tree-level Higgs couplings. Denoting the SM Higgs boson by h SM , the coupling of the CP-even Higgs bosons to V V (where
As expected, if h is a SM-like Higgs boson then C h V ≈ 1 in the alignment limit, whereas if H is a SM-like Higgs boson then C H V ≈ 1 in the alignment limit. 8 More precisely, we are assuming that m 2 H |Z 6 |v 2 . Since Z 6 is a dimensionless coefficient in the Higgs basis scalar potential, we are implicitly assuming that Z 6 cannot get too large without spoiling perturbativity and/or unitarity. One might roughly expect |Z 6 | < ∼ 4π, in which case m H v provides a reasonable indication of the domain of the decoupling limit. [49] .
+ − − − − + Type II + − − + + + Type X (lepton specific) + − − − + + Type Y (flipped) + − − + − + Next, we consider the Higgs boson couplings to fermions. The most general renormalizable Yukawa couplings of the two Higgs doublets to a single generation of up and down-type quarks and leptons (using third generation notation) is given by
are the doublet left handed quark and lepton fields and t R , b R and e R are the singlet right-handed quark and lepton fields. However, if all terms in Eq. (52) are present, then tree-level Higgs-mediated FCNCs would be present, in conflict with experimental constraints. To avoid tree-level Higgsmediated FCNCs, we extend the discrete Z 2 symmetry to the Higgs-fermion Lagrangian. There are four possible choices for the transformation properties of the fermions with respect to Z 2 , which we exhibit in Table 1 .
For simplicity, we shall assume in this paper that the pattern of the Higgs couplings to downtype quarks and leptons is the same. This leaves two possible choices for the Higgs-fermion couplings [11] :
In particular, the pattern of fermion couplings to the neutral Higgs bosons in the Type I and Type II models is exhibited in Table 2 .
In the strict alignment limit, the fermion couplings to the SM-like Higgs boson should approach their Standard Model values. To see this explicitly, we note the identities,
cos α cos β = c β−α + tan βs β−α .
If h is the SM-like Higgs boson, then in the limit of c β−α → 0, the fermion couplings of h approach their Standard Model values. However, if tan β 1, then the alignment limit is realized 
in the Type-II Yukawa couplings to down-type fermions only if |c β−α | tan β 1. That is, if
, then the hV V couplings and the htt couplings are SM-like whereas the hbb and hτ + τ − couplings deviate from their Standard Model values. Thus the approach to the alignment limit is delayed when tan β 1. We denote this phenomenon as the delayed alignment limit. Similar considerations apply if cot β 1; however, this region of parameter space is disfavored as the corresponding htt coupling quickly becomes non-perturbative if cot β is too large.
Finally, we examine the trilinear Higgs self-couplings. Using the results of Ref. [12] (see also Ref. [48] ), the three-Higgs vertex Feynman rules (including the corresponding symmetry factor for identical particles but excluding an overall factor of i) are given by:
The trilinear Higgs couplings expressed in terms of the physical Higgs masses are given in Appendix B. Consider the alignment limit, c β−α → 0, where h is SM-like. Then Eqs. (44) and (63) yield,
where the self-coupling of the SM Higgs boson is given by 
where
Inserting Eq. (69) in Eq. (67) yields
In the decoupling limit (where η 1),
It follows that g hhh is always suppressed with respect to the SM in the decoupling limit. 10 This behavior is confirmed in our numerical analysis. In contrast, in the alignment limit without decoupling, |Z 6 | is significantly smaller than 1 and η ∼ O(1). It is now convenient to use Eq. (27) to eliminate Z 345 ,
where the term above designated by O(Z 3 6 ) contains no potential enhancements in the limit of s 2β → 0 or c 2β → 0. Given that η ∼ O(1) in the alignment limit without decoupling, the form of Eq. (73) suggests two ways in which g hhh can be enhanced with respect to the SM. For example if tan β ∼ 1, then one must satisfy (Z 7 − Z 6 )η tan 2β > ∼ 2 + Z 1 η (the latter inequality requires Z 6 < 0, since cot 2β < 0 when (27) , we find that in the alignment limit,
10 In the double decoupling limit where η 1 and |Z 6 | 1, Eq. (72) shows that the deviation of g hhh from the corresponding SM value is highly suppressed.
A similar computation yields the Hhh coupling given in Eq. (62) [or Eq. (B.9)],
In the alignment limit without decoupling, the O(1) terms in Eqs. (74) and (75) that are proportional to Z 6 should be regarded as terms of O(c β−α ) [cf. Eqs. (69) and (70)]. That is, the decoupling limit [with Z 6 ∼ O(1)] and the alignment limit without decoupling can be distinguished in the trilinear Higgs couplings. Indeed, the Hhh coupling is suppressed in the alignment limit without decoupling, whereas it can be of O(v) in the decoupling limit. All the other trilinear Higgs self-couplings can be analyzed in the alignment limit following the procedure outlined above. Last but not least, it is noteworthy that
approaches a finite nonzero value in the alignment limit, with or without decoupling. This is relevant for the analysis of the one-loop process h → γγ, which has a contribution that is mediated by a H ± loop. In the decoupling limit, the charged Higgs loop amplitude is suppressed by a factor of O(v 2 /m 2 H ± ) relative to the W ± and the top quark loop contributions. But, in the alignment limit without decoupling, the charged Higgs loop is parametrically of the same order as the corresponding SM loop contributions, thereby leading to a shift of the h → γγ decay rate from its SM value. This is in stark contrast to the behavior of tree-level Higgs couplings, which approach their SM values in the alignment limit with or without decoupling. That is, the loop-corrected Higgs couplings to SM particles approach their SM values in the decoupling limit, but can yield deviations in the alignment limit without decoupling due to internal loops involving light non-SM-like Higgs states.
Before concluding this section, we examine a second theoretical distinction between the decoupling limit and alignment limit without decoupling. The SM Higgs sector is famously unnatural [50, 51] . In particular, a fine tuning of the Higgs sector squared-mass parameter is required in order to explain the observed value of the vacuum expectation value (vev), v ≈ 246 GeV. The 2HDM generically requires two separate and independent fine tunings. In addition to identifying v ≈ 246 GeV, which fixes the values of Y 1 and Y 3 in Eq. (31), one must also perform a second fine-tuning to fix the squared-mass parameter Y 2 to be of O(v 2 ). Thus, the regime of the decoupling limit (where Y 2 v 2 ) is less fine-tuned than the general 2HDM, since the natural value for Y 2 is the ultraviolet cutoff of the theory beyond which new physics presumably enters. As long as the heavier Higgs scalars (whose squared masses are of order Y 2 ) are sufficiently massive, then h will be SM-like.
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In contrast, in the case of alignment without decoupling (or in the double decoupling limit), we have |Z 6 | 1, which is a finely-tuned region of the 2HDM parameter space (beyond the two tunings discussed above) unless we can demonstrate that Z 6 = 0 is a consequence of an enhanced symmetry of the theory. The possibility of a natural implementation of alignment
2 is sufficient to guarantee SM-like h couplings. However, in the 2HDM with Type-II Yukawa coupling and tan β > 1, a SM-like h coupling to down-type quarks and leptons requires m 2 H |Z 6 |v 2 tan β, leading to the phenomenon of delayed decoupling [12, [52] [53] [54] at large tan β. This is a special case of delayed alignment introduced below Eq. (58).
has been previously treated in [55] . In the absence of Higgs-fermion Yukawa couplings, it is sufficient to consider the symmetry properties of the scalar potential. Note that we have already imposed a softly-broken Z 2 symmetry, which yields λ 6 = λ 7 = 0 in the original basis. In addition, we observe that Z 6 = Z 7 = 0 [which also implies that Y 3 = 0 in light of Eq. (31)] corresponds to an exact Z 2 symmetry in the Higgs basis.
The conditions Z 6 = Z 7 = 0 can be implemented in three ways. If s 2β = 0, then only one of the two Higgs fields acquires a non-zero vev. This means that our original basis and the Higgs basis coincide (in a convention where H 1 denotes the Higgs field with the non-zero vev), in which case the original Z 2 symmetry is unbroken. If λ 6 = λ 7 = 0 and s 2β c 2β = 0, then setting Z 6 = Z 7 = 0 in Eqs. (24) and (25) yields λ 1 = λ 2 = λ 345 . Such a scalar potential exhibits a softly-broken CP3 symmetry, one of the three possible generalized CP symmetries that can be imposed on the 2HDM [56] .
12 Finally, if the scalar potential exhibits an exact CP2 symmetry, or equivalently there is a basis in which the Z 2 discrete symmetry (Φ 1 → +Φ 1 , Φ 2 → −Φ 2 ) and a second Z 2 interchange symmetry (Φ 1 ←→ Φ 2 ) coexist [46, 56] , then it follows that λ 6 = λ 7 = 0, λ 1 = λ 2 (with λ 5 real), m (3) and (4) yield tan β = 1.
13 The latter can be maintained when the CP2 symmetry is softly broken such that m 2 12 = 0. Using Eqs. (24) and (25) then yields Z 6 = Z 7 = 0. Thus, in the absence of the Higgs-fermion Yukawa couplings, Z 6 = 0 is a consequence of an enhanced symmetry of the scalar potential, in which case the regime of alignment without decoupling and the double decoupling regime are both natural in the sense of 't Hooft [57] .
If we now include the Higgs-fermion Yukawa coupling, we can still maintain the symmetry of the scalar potential in special cases. If the Z 2 symmetry transformation is defined in the Higgs basis such that H 2 is odd (i.e. H 2 → −H 2 ) and H 1 and all fermion and vector fields are even, then the resulting model corresponds a Type-I 2HDM with s 2β = 0, which we recognize as the inert 2HDM [58, 59] . Indeed, if we perturb the inert 2HDM by taking Z 6 and Z 7 small, then either h or H will be approximately SM-like. In the case of s 2β = 0, we would need to extend the (softly-broken) CP3 or CP2 symmetry of the scalar potential to the Higgs-fermion Yukawa sector. As shown in [60] , no phenomenologically acceptable CP2-symmetric model exists. A unique softly-broken CP3-symmetric 2HDM does exist with an acceptable fermion mass spectrum; however this model does not appear to be phenomenologically viable due to insufficient CP-violation and potentially large FCNC effects [60] . Hence, for generic choices of the 2HDM parameters, the regime of alignment without decoupling and the double decoupling regime must be regarded as more finely tuned than the generic 2HDM.
Setup of the numerical analysis
In this section, we give details on the numerical procedure. In particular, we describe the scan of the 2HDM parameter space and the different constraints coming from theoretical 12 If m 2 12 = 0 in Eq. (1) in addition to λ 6 = λ 7 = 0, then the Z 2 discrete symmetry (
is exact. In this case, Z 6 = Z 7 = 0 implies that λ 1 = λ 2 = λ 345 and m , and corresponds to an exact CP3 symmetry of the scalar potential. This restriction of scalar potential parameters has also been obtained in [55] . 13 Here we assume that λ 1 = λ 345 ; otherwise, the CP2 symmetry is promoted to the CP3 symmetry previously considered.
requirements, signal strengths of the observed 125 GeV Higgs state, flavor physics and direct searches for extra Higgs states.
Imposing a softly broken Z 2 symmetry (Φ 1 → +Φ 1 , Φ 2 → −Φ 2 ) on the scalar potential given in Eq. (1) which sets λ 6 = λ 7 = 0, the free parameters of the 2HDM scalar potential can be chosen to be the four physical Higgs masses m h , m H , m H ± , m A , the mass term m 2 12 , the ratio of the two Higgs vacuum expectation values tan β and the mixing angle α of the CP-even Higgs squared-mass matrix. In this study, we choose the following ranges for the scan,
where m * is a lower bound on the charged Higgs mass originating either from the LEP direct searches [61] or constraints from B-physics; mainly from the Z → bb (R b ), K , ∆m Bs , B → X s γ and B → τ ν constraints [38] [39] [40] [41] [42] . In principle both h and H can have the same properties as the SM Higgs and thus serve as possible candidates for the observed SM-like Higgs state. In this paper, we consider m h ≡ 125.5 GeV 14 , taking
As mentioned in Section 2.1, the degenerate case m h ≈ m H is not considered in this study. Instead, we require a 4 GeV mass splitting between h and H in order to avoid H contamination of the h signal. Since we are primarily interested in the case that the electroweak gauge bosons acquire most of their masses from only one of the Higgs basis doublet fields, we impose s β−α ≥ 0.99, which translates into |c β−α | 0.14. This implies that we are allowing at most a 1% deviation from C h V = 1. This should be compared with the expected ultimate precision for C V of about 2-4% at the high-luminosity LHC, and about 0.2-0.5% at the ILC [23, 28] .
We perform a flat random scan over this parameter space using the public code 2HDMC [30] for a precise state-of-the-art computation of the couplings and decay widths of the various Higgs states. Only points satisfying stability of the scalar potential [cf. Eq. (A.17)], coupling perturbativity and tree-level S-matrix unitarity are retained. We also require the S, T , and U Peskin-Takeuchi parameters [62] to be compatible with their corresponding values derived from electroweak precision observables [63] . These constraints are also checked by means of 2HDMC.
Next we impose constraints from the non-observation of Higgs states other than the one at 125 GeV. From the LEP direct searches for light Higgs states, we consider the cross-section upper limits on e + e − → Zh/H and e + e − → Ah/H from [64] and [65] respectively. For very light A below 9.5 GeV, the limits from Upsilon decays [66] are important, for which we follow the implementation in NMSSMTools 4.6.0 [67] . Moreover, we consider the limits from CMS on light pseudo scalars decaying into µ + µ − [68] in the mass range m A = 5.5-9 and 11.5-14 GeV, which are relevant in particular in Type II models. The limits from LHC searches for additional heavy Higgs states are also taken into account. These include the model-independent limits from the searches for H → ZZ ( * ) → 4 from ATLAS [69] and CMS [70] and for H → ZZ ( * ) → 2 2ν from CMS [71] . However, these limits are easily evaded in our study where it is the h that has C h V = s β−α > 0.99, while HV V couplings behave as c β−α and |c β−α | ≤ 0.14. (This also 14 Having performed the parameter scans before the publication of [3] which reports a central value of the Higgs mass of 125.09 GeV, we use 125.5 GeV as the observed Higgs mass in this analysis.
holds true in view of the Moriond 2015 update of the Higgs data [72] .) More important are the limits from H, A → τ τ searches in gluon-fusion or associated production with a pair of b quarks from ATLAS [73] and CMS [74] . These are particularly relevant in the large tan β region of the Type II models where a significant enhancement of the down-type fermion coupling to the neutral Higgs states occurs. Finally, the limits derived from the pseudoscalar search A → Zh, h → bb from ATLAS [75] and CMS [76] are imposed. (Limits from other searches, like for A → Zγ [77] or hh → bbbb [78] , have no effect on the results.) To evaluate all these constraints, production of the H and A via gluon-gluon fusion (ggF) and via associated production with a pair of bottom quarks (bbH,bbA) are computed at NNLO QCD 15 accuracy using SusHi-1.3.0 [32] , while the vector-boson fusion (VBF) mode for the H is computed at NLO with VBFNLO-2.6.3 [33] .
Signal strengths constraints coming from the precise measurements of the properties of the 125 GeV state are taken into account by means of Lilith 1.1.2 [31] . We require each point of the analysis to be allowed at the 95% confidence level (CL). The CL is derived from the log-likelihood ratio
where L is the likelihood constructed by Lilith using up-to-date signal strength measurements, P represents the set of parameters of the tested point and 2HDM the best-fit point of the model. [42] , based on the observed rates for the weak radiative B-meson decay, B → X s γ (instead of the previous bound of m H ± > 300 GeV). Second, we correct a bug in the evaluation of the ATLAS and CMS limits from H, A → τ τ searches [73, 74] : the branching ratio for A → τ τ was set to the one of a SM Higgs with the same mass instead of the one computed in the 2HDM. This affects the intermediate-to-large tan β region of the Type II models where an enhancement of the down-type fermion coupling occurs. In particular it eliminates part of the "opposite-sign" C D solution in Type II. Third, we include the CMS constraint [97] on neutral Higgs bosons with masses between 25 GeV and 80 GeV, produced in association with a pair of b quarks and followed by the decay into τ τ . Finally, the CMS result [79] on the search for a new heavy resonance decaying to a Z boson and a light resonance, followed by Z → + − and the light resonance decaying to bb or τ τ is included. Sensitive to light resonances with masses above ∼ 35 GeV, this analysis puts a very severe constraint on gg → A → Zh with Z → + − and h → bb in the m H = 125 GeV scenario [29] . Here, in the m h = 125 GeV scenario, it contributes to the exclusion of A with masses between ∼ 60 GeV and ∼ 150 GeV as will be shown in the next Section. 
Results

Parameters
Let us start by reviewing the relevant parameter space. Figure 1 shows the crucial relation between |Z 6 |, |c β−α | and m H , illustrating the different ways alignment can occur with and without decoupling. 16 As expected, |Z 6 | exhibits a clear dependence on the H-h mass difference, see Eq. (42), and steeply drops towards zero in the limit |c β−α | → 0, i.e. when the h becomes purely SM-like. When m H is of the order of 1 TeV, one needs to be extremely close to s β−α = 1 to have small |Z 6 |-for instance |Z 6 | ≈ 10 −3 requires |c β−α | ≈ 6 × 10 −5 for m H = 1 TeV. In contrast, for a lighter H the departure of s β−α from 1 can be more important-for instance the same |Z 6 | ≈ 10 −3 value requires |c β−α | ≈ 2 × 10 −3 for m H = 200 GeV. It is in principle always possible to obtain arbitrarily small values of |Z 6 | if one pushes s β−α arbitrarily close to 1. For the purpose of the numerical analysis, we limit ourselves to |c β−α | ≥ 10 −5 ; we have checked that this captures well all features relevant for the |c β−α | → 0 limit. Interestingly, as m H becomes larger, we observe that the decoupling limit sets a stronger upper limit on |c β−α | than the one set in the numerical scan (|c β−α | 0.14). Observing a heavy m H 850 GeV at the LHC would provide a better-than-1% indirect determination of the h-coupling to electroweak gauge bosons in the framework of these scenarios.
The range of m A is also interesting. In principle m A can be above or below m h,H , and even m A < m h /2 is possible and consistent with the data [27] . However, once m H is fixed, the allowed range of m A is limited (and vice versa) as illustrated in Fig. 2 . We see that in both Type I and Type II, if the scalar H is heavy and decoupled, the same is true for the pseudoscalar A. Conversely, if H is light, say below 600 GeV, then also A must be below about 800 GeV. Furthermore, it appears that for |c β−α | < ∼ 10 −3 (or, equivalently, small |Z 6 |) m H < m A is favored. This can be understood from Eq. (43) [79] which eliminates points down to m A 60 GeV (with a mild dependence on m H ). We note that the surviving points with m A 60 GeV have tan β < 2. In addition, the charged Higgs mass limit m H ± > 480 GeV in Type II [42] results in the elimination of the remaining quadrant with m H,A 400 GeV (actually up to m H ≈ 430 GeV for very light m A ).
The interrelation between m A , m H and m H ± is illustrated in Fig. 3 . The two panels show m H versus m A with color-coding according to m H ± , with the ordering going from high (blue) to low (red) m H ± values. While the correlation of m H ± with m H and m A is somewhat different in Type I and Type II, in both models a light charged Higgs below 500-600 GeV requires that the H and A also be not too heavy, with masses below about 800 GeV. When inverting the plotting order of m H ± (not shown), we find that for any given m H ± there is a lower limit on m H and m A : for m H ± ∼ 1 TeV, also m H,A are of that order. In turn, when m H and m A are in the non-decoupling regime, m H ± cannot be much heavier. The absence of points in the light mass region m H,A 400 GeV in Type II (but not for Type I), already noted in the previous paragraph is due to the fact that in the Type II model B-physics requires m H ± > ∼ 480 GeV and at low m A the precision electroweak T parameter constraint would be violated if m H differs very much from m H ± . As also mentioned above, an additional band with m A ≈ 150-350 GeV is cut out by the H, A → τ τ limits. We will see later that this corresponds to a large extent to the "opposite-sign" C D solution with large tan β in Type II.
Couplings
The next question to address is what variations in the couplings of the 125.5 GeV state are still possible in the limit of approximate alignment where C h V ≈ 1. In particular, recall that in the scan we impose s β−α > 0.99 with m h = 125.5 GeV, without requiring however that the other couplings of the h be very SM-like. To answer this question, we first show in Fig. 4 the dependence of the reduced couplings to (up-type) fermions, see Table 2 , C 350 GeV ≤ m A ≤ 660 GeV and 0.22 ≤ |Z 6 | ≤ 0.90. For the points in this region, the up-type coupling is very close to 1, corresponding to the few isolated points observed in the right panel of Fig. 4 . As discussed in [54] , the eventual LHC Run 2 precision will allow one to either confirm or eliminate the opposite-sign coupling possibility using precise signal rate measurements of the h in a few channels. Should the opposite-sign coupling be confirmed, one would expect to also see A signals (plus perhaps H signals) in the above mass range, thereby providing a confirmation of this scenario. (The cross sections for A and H signals will be discussed in Section 4.4.) It should also be noted here that this region is much reduced by the correction of the H, A → τ τ constraints as compared to the previous version [arXiv:1507.00933v3].
The tan β dependence of the fermion couplings of h is shown in Fig. 6 . We see that large tan β leads to C are very similar despite the difference between up and down-type couplings, this being due to the fact that the b-loop contribution to C h g is rather small. The one exception in the case of Type II arises for the opposite-sign scenario for which the b-loop contribution changes sign and interferes constructively with the t-loop contribution. In this case, C h g is always enhanced, C h g ∼ 1.06 [54] .
While the exceedingly small deviations in C h V that we consider here will most likely not be directly accessible at the LHC, precision measurements of the other couplings together with a measurement of, or a limit on, m H,A can be used for consistency checks and for eventually pinning down the model. Of special interest in this context is also the triple Higgs coupling. The dependence of C hhh ≡ g hhh /g SM hhh on c β−α and m H is shown in Fig. 8 . It is quite striking that large values of C hhh > 1 (up to C hhh ≈ 1.7 in Type I and up to C hhh ≈ 1.35 in Type II) can be achieved in the non-decoupling regime, roughly m H 600 GeV, for |c β−α | values of the order of 0.1, whereas for heavier m H , C hhh is always suppressed as compared to its SM prediction. These features were explained in the discussion below Eq. (67).
17 Note also that for m H ∼ 1 TeV, C hhh approaches the SM limit of 1 as |c β−α | decreases more slowly than is the case for lighter m H ; substantial deviations C hhh < 1 are possible as long as |c β−α | is roughly greater than a few times 10 −2 . This comes from the (2Z 6 /Z 1 )c β−α term in Eq. (67): since, in the convention where s β−α ≥ 0, Z 6 c β−α is always negative, cf. Eq. (46) , and since Z 6 can be in Type I and C hhh ≈ 0.95-1.13 in Type II. This is at the limit of what can be measured, as the expected precision is about 50% at the high-luminosity options of the LHC and the ILC with 500 GeV, and about 10-20% at a 1-3 TeV e + e − linear collider with polarized beams [28] . The relation between the triple Higgs coupling g Hhh , |c β−α | and m H is presented in Fig. 9 . In Type I, large values of g Hhh can be achieved in the non-decoupling regime for |c β−α | of the order 10 −1 . This is also true in Type II, though the range of g Hhh is somewhat smaller. We observe moreover that for given |c β−α | 10 −1 , the achievable Hhh coupling grows with m H . Nonetheless, as will be shown in Section 4.4, the H → hh decay is mostly relevant below the tt threshold. Moreover, in the exact alignment limit, the Hhh coupling vanishes.
Signal strengths
The variations in the couplings to fermions discussed above have direct consequences for the signal strengths of the SM-like Higgs boson. Since the results depend a lot on the fermion coupling structure, we examine this separately for Type I and Type II.
Let us start with Type I. Figure 10 shows the signal strengths for gluon-gluon fusion and decay into γγ (µ 18 Finally note that as |c β−α | decreases, the signal strengths in Type II converge to 1 much more slowly than in Type I. 12) ], which yields a constant non-decoupling contribution that suppresses the h → γγ amplitude [54] (see also [98, 99] ). Indeed, even for values of |c β−α | as low as 10 −4 , this signal strength does not converge to 1 until m H (and thus m H ± ) is above about 1 TeV.
Putting everything together we find quite distinct correlations of signal strengths in both Type I and Type II that depend on whether the additional Higgs states are decoupled or not. This is illustrated in Fig. 13 for Type I and in Fig. 14 for Type II. In both figures, the panels on the left show the dependence on m H while the panels on the right show the dependence on |c β−α | for the non-decoupling regime with m H ≤ 600 GeV. We note that there are definite combinations of signal strengths that cannot be reached in the decoupling regime. A measurement of such values would be a very strong motivation to look for additional light Higgs states. In turn, when the masses of additional light Higgs states are measured, signal strength correlations as shown in Figs. 13 and 14 can help pin down the model. Furthermore, for m H ≤ 600 GeV even in the apparent alignment limit |c β−α | → 0 there can be deviations in the signal strengths from unity that cannot be mimicked by decoupling.
Examples for Type I are the suppression of both µ Fig 13, bottom left) . In Type II, one can have a simultaneous enhancement, up to 1.45 of µ h gg (γγ) and µ h VBF (γγ) in the decoupling regime, but simultaneous suppression is limited to ∼ 0.9-0.95 (cf. Fig 14, middle left) ; simultaneous suppression to a level of ∼ 0.8 is however possible in the alignment limit for m H < ∼ 300 GeV, i.e. well away from the decoupling regime. Precise enough signal strength measurements could therefore provide strong hints that we are in the alignment without decoupling regime of a 2HDM even if no additional Higgs states are discovered at that time.
Cross sections for H and A production
Let us now turn to the prospects of discovering the additional neutral states. The two largest production modes at the LHC are gluon fusion, gg → X, and the associated production with a pair of b-quarks, bbX, with X = A, H. The correlations of the gg → X and bbX cross sections at the 13 TeV LHC in the non-decoupling regime m H ≤ 600 GeV are shown in Fig. 15 for the Type I model and in Fig. 16 for the Type II model. We show the points that pass all present constraints (in beige) and highlight those that have a very SM-like 125 GeV Higgs state by constraining all the following signal strengths to be within 5% or 2% of their SM values, respectively, denoted as SM±5% (red) and SM±2% (dark red):
We start the discussion with production of A in Type I, shown in the left panel of Fig. 15 . There is a strong correlation between the two production modes, gluon fusion and bb associated production, which stems from the fact that the relevant couplings are the same up to a sign:
The larger spread in σ(bbA) observed for σ(gg → A) > 10 −2 pb comes from the fact that for m A 2m t GeV the bbA cross section grows faster with decreasing m A than that of gg → A. Therefore, along a line of fixed σ(gg → A) in the plot, a point with higher σ(bbA) has a smaller m A . Note also that there is an interference of the top and bottom loop diagrams in gg → A which changes sign depending on m A . Overall, however, σ(gg → A) is always at least two orders of magnitude larger than σ(bbA).
The points with largest cross sections, σ(bbA) ≈ 10 pb and σ(gg → A) ≈ 1000 pb, correspond to the case m A < m h /2 which was studied in detail in [27] . One feature of this region is that µ h gg (γγ) and µ h gg (ZZ * , W W * ) always differ from each other by about 10%. Constraining all h signal strengths of Eq. (80) within 5% of unity therefore eliminates these points. Other points with high cross sections, but not in the very light pseudoscalar region, would also be eliminated by the SM±5% or SM±2% requirements. However, in this non-decoupling regime of m H ≤ 600 GeV, points with sizeable cross sections up to 0.2 pb for σ(bbA) and up to about 40 pb for σ(gg → A) still remain even at the SM±2% level. At this same SM±2% level, the smallest σ(gg → A) is about 0.1 fb.
Regarding production of the scalar H in Type I, shown in the right panel of Fig. 15 , the correlation is even stronger between σ(bbH) and σ(gg → H) since both are driven by the same fermionic coupling C H F = sin α/ sin β. Note that, as in the A case, the gluon-fusion cross section is always larger than that for bb associated production. Sizable cross sections are still allowed Figure 15 : σ(bbX) versus σ(gg → X) for X = A (left) and X = H (right) in Type I at the 13 TeV LHC for points satisfying all present constraints (in beige) as well as points for which the signals strengths from Eq. (80) are within 5% and 2% of the SM predictions (in red and dark red, respectively). The dashed lines indicate σ(bbX) = σ(gg → X). under the SM±2% constraint, which implies that in the non-decoupling regime there is a strong possibility of detecting a non-SM-like scalar state at the LHC. The structure of C H F is however such that the coupling can equally well be very much suppressed, leading to extremely small cross sections. We will come back to this below.
The corresponding results for Type II are presented in Fig. 16 . In contrast to Type I, both bb associated production and gluon-gluon fusion modes for Type II are in principle important since either can be dominant in different regions of the parameter space. There is only modest correlation between the two production modes due to the more complex structure of the Type II fermionic couplings. For A production, one clearly sees the m A < m h /2 region as the detached scattered points with very large cross sections. As for Type I, these points disappear under the Figure 17 : Cross sections in Type I (left) and Type II (right) for gg → X at the 13 TeV LHC as functions of m X for X = A (upper row) and X = H (lower row) with tan β color code. In all four plots, points are ordered from low to high tan β. SM±5% constraint. Still, even for SM±2%, cross sections for bbA close to 1 pb and for gg → A of a few pb can be achieved (although not simultaneously). For H production a similar picture emerges, with the maximal cross sections however being a factor of a few smaller than for A production. The minimal cross sections in this m H < 600 GeV non-decoupling regime for the A and H are correlated in a way that is very favorable for discovery during Run 2 of the LHC. For example, if σ(gg → A) takes on its minimum SM±2% value of a few fb then σ(bbA) > ∼ 20 fb, whereas if σ(bbA) takes on its minimal value of few×10 −1 fb then σ(gg → A) ≈ 300 fb. These cross section levels imply that the A should be discoverable in at least one of the two production modes even in the extreme alignment limit. Analogous arguments hold for H production.
Before considering specific decay channels of A and H, we present in Fig. 17 the gluonfusion cross sections in Type I and Type II as functions of m A and m H at the 13 TeV LHC. Here, the color code shows the dependence on tan β. 20 In Type I, the gg → A cross section is proportional to cot 2 β; this explains why it is larger (smaller) at lower (higher) tan β. A cross section of 1 (0.1) fb is guaranteed for m A as large as ∼ 600 (850) GeV. On the other hand, the gg → H cross section in Type I is proportional to (C H F ) 2 and can take on extremely small values for m H 850 GeV. The reason is that, in this region, the reachable values of c β−α are high enough such that a cancellation between the two terms of C H F = (s β−α − c β−α /t β ) occurs and leads to an almost vanishing coupling. In contrast, for m H 850 GeV, this cancellation is not possible as the values of c β−α are forced to be smaller as can be seen in Fig. 1 . In Type II, the A production cross section can be very large in the very low m A region as noted in [27] and any mass smaller than 1.1 TeV gives a gg → A cross section larger than 1 fb. For gg → H, a cross section > 1 (0.1) fb is guaranteed up to m H ≈ 850 GeV (1.2 TeV). From these considerations the prospects for discovering the additional neutral states look promising should alignment without decoupling be realized.
Let us now turn to specific signatures. Figure 18 presents the cross sections for gg → A → Y for Y = γγ, τ τ, tt in Types I and II. Note that the y-axis is cut off at 10 −7 pb. Although much lower values of the cross section are possible, we do not show these lower values since they will certainly not be observable at the LHC. As expected, for the γγ and τ τ final states, the cross sections fall sharply above the tt threshold, with the noticeable exception of the A → τ τ decay in Type II due to the strong constraints from LHC direct searches that exclude points with large corresponding cross section. For the A → γγ decay, cross sections of 0.1 fb are reachable for m A 470 GeV (m A 530 GeV) in Type I (II) but not guaranteed. The maximal cross section is ∼ 30 fb in Type I and ∼ 100 fb in Type II (not considering the m A ≤ m h /2 region). In both Types I and II, the gg → A → τ τ cross section can be substantially larger. In Type I, 0.1 fb is reachable for m A 600 GeV, while in Type II m A 550 GeV guarantees a cross section larger than 0.1 fb. In both cases, very large cross sections are predicted at low m A . The gg → A → tt cross section peaks around 100 pb in both Types I and II and is guaranteed to be larger than 0.1 fb in Type II for 350 m A 600 GeV. These sizable cross sections therefore provide interesting probes of the extended Higgs sector in the alignment limit.
The corresponding results for the H cross sections are presented in Fig. 19 . Sizable values of σ×BR are possible in both Types I and II but heavily suppressed values are still possible for most of the cases. Only in Type II, for H → τ τ (as well as for H → tt), is the corresponding cross section guaranteed to be larger than 0.1 fb for m H 460 GeV (m A ≈ 400 GeV). Note that, for both Types I and II, the cross sections for A/H decays into a muon pair are related to the
. Non-standard production modes of the SM-like state, through A → Zh and H → hh, are presented in Fig. 20 . While these can be interesting discovery modes for the A and/or H, their cross sections can also be extremely suppressed. For gg → A → Zh, the tan β dependence, which follows the dependence of the gg → A cross section shown in Fig. 17 , explains a part of this suppression. Moreover, the AZh coupling is proportional to c 2 β−α which is suppressed in the alignment region. Nevertheless, the gg → A → Zh cross section can be > 100 fb for m A 600 GeV in both Types I and II. The gg → H → hh cross section, as expected, attains its maximum below the tt threshold in both Types I and II and can reach about 10 pb at low tan β. For any m H , the cross section can however also be extremely suppressed.
A comment is in order here on the possible "feed down" (FD) [13, 100] to the production results for the bb cross section can be provided upon request. of the 125 GeV state through the decay of heavier Higgs states, which might distort the Higgs signal strengths. This issue was approximately addressed in section III.C of [13] by imposing the "FDOK" conditions µ FD Zh < 0.3 and µ FD ggFh+bbh < 0.1, which limit the FD contamination of Zh associated production and of ggF+bbh production to 30% and to 10% respectively, at the cross section times branching ratio level. Imposing these conditions here would remove the points with σ 13 (gg → A) × BR(A → Zh) 0.2 pb and σ 13 (gg → H) × BR(H → hh) 2 pb in Fig. 20 . This is, however, a maximally conservative constraint for two reasons. Firstly, the amount of FD is computed without accounting for any reduced acceptance of such events into the 125 GeV signal as a result of the experimental cuts used to define the gg → h, bbh or Z * → Zh channels. Secondly, it puts individual limits on specific production×decay modes instead of including all signal strengths in a global fit, which is the approach followed in this paper. Indeed, when directly adding the contribution of gg → A → Zh to the Zh signal strength in the global fit, it turns out that only cross sections of σ 13 (gg → A) × BR(A → Zh)
1.6 pb are definitely excluded. This still assumes that the signal acceptance of the experimental analysis is the same for gg → A → Zh as for gg → Z * → Zh, which should however be a reasonable approximation, as the main difference would be the Zh invariant-mass distribution, which is not used as a selection criterion in this case. The contribution of H → hh to the h signal strengths is a more difficult question, as here the acceptances (in each final state considered in the experimental analyses) will certainly be different from those of single h production. A detailed study based on event simulation would be necessary to better understand the impact of FD on the 125 GeV Higgs signal, but this is beyond the scope of this paper.
Finally, if the mass splitting is large enough, A → ZH, H → ZA, and H → AA decays offer intriguing possibilities for discovering the extra non-SM-like neutral Higgs states in the regime of approximate alignment without decoupling. In Fig. 21 , the cross sections for gg → A → ZH, gg → H → ZA and gg → H → AA are exhibited. Large gg → A → ZH cross sections are obtained for large m A −m H splitting.
21 Looking back at Fig. 2 one sees that, in both Type I and Type II, the splitting can only be large for m A 650 GeV. This explains the preponderance of low m H points with cross sections up to 20 pb (6 pb) in Type I (II) for m A 650 GeV. (In Type II the m H ± > 480 GeV constraint allows a large enough m A − m H mass splitting only for m A 350 GeV.) However, gg → A → ZH can also be heavily suppressed; since the AHZ coupling is proportional to s β−α , this suppression is a purely kinematical effect.
Turning to the H → ZA and H → AA signatures, in Type I we observe a depleted area for m H > 300 GeV and cross sections of the order of 0.1 pb. In this region, tan β = 2-10 and Z 5 is small or negative leading to H and A masses for which the H → ZA, AA decays are kinematically forbidden [cf. Eq. (45)]. In the region below, tan β > 10 and Z 5 can be large enough to achieve m H > m A + m Z and/or m H > 2m A , but nevertheless the cross section is small because of the tan β dependence of σ(gg → H), see Fig. 17 . The distinct branch with gg → H → ZA and gg → H → AA cross sections larger than about 1 pb, on the other hand, has tan β 2 and λ 5 ≈ 0. Here, the term proportional to sin 2β in Eq. (23) gives a large enough Z 5 > 0 so that the H → ZA and/or H → AA decay is kinematically allowed. The small tan β leads to a large gg → H production cross section, see again Fig. 17 . In Type II, gg → H → ZA and gg → H → AA cross sections can also be large (even above 1 pb for H → ZA) in the non-decoupling regime. However, due to the charged Higgs mass constraint these processes are allowed only for m H 430 GeV. A detailed phenomenological analysis of the A → ZH and H → ZA decays at the LHC was performed in [102] .
Last but not least, note that due to the kinematic constraint m H ≥ 2m A and the non trivial correlation between m H and m A observed in Fig. 2 , the H → AA channel is only open for m H 700 GeV. In Type I the branch of points with cross sections ranging from about 10 −1 pb to 10 pb is mainly populated by m A ≤ 100 GeV points with relatively low tan β 10. In Type II, due to the A → τ τ and H → ZA experimental constraints, only points with low m A 60 GeV and tan β 2 experience H → AA decays. All in all, this channel offers a complementary probe to the low m A region discussed in [27] . 
Conclusions
While the Higgs measurements at Run 1 show no deviations from the SM, conceptually there is no reason why the Higgs sector should be minimal. Indeed a non-minimal Higgs sector is theoretically very attractive and, if confirmed, would shine a new light on the mechanism of electroweak symmetry breaking dynamics.
In this paper we focused on CP-conserving 2HDMs of Type I and Type II, investigating the special situation that arises when one of the Higgs mass eigenstates is approximately aligned with the direction of the scalar field vacuum expectation values. In this case, the W ± and Z gauge bosons dominantly acquire their masses from only one Higgs doublet of the Higgs basis. Moreover, the coupling of that CP-even Higgs boson to the gauge bosons tends towards the SM value, C V → 1. While this is automatically the case in the decoupling limit when the extra non-SM Higgs states are very heavy, such an alignment can also occur when the extra Higgs states are light, below about 600 GeV. We specifically investigated the phenomenological consequences of alignment without decoupling and contrasted them to the decoupling case. Two aspects are interesting in this respect: one being precision measurements of the couplings and signal strengths of the SM-like Higgs boson at 125 GeV, the other being the ways to discover the additional Higgs states of the 2HDM when they are light.
In addition to an in-depth theoretical discussion, we performed a detailed numerical analysis for the case that the SM-like state observed at 125 GeV is the lighter of the two CP-even Higgs bosons of the 2HDM, h. In this study we allowed for 1% deviation from unity in C h V , which corresponds to the ultimate expected LHC precision at high luminosity. The results can be summarized as follows:
1. In the alignment limit without decoupling, despite C 3. The trilinear hhh coupling can also exhibit large deviations. Large values of C hhh > 1 (up to C hhh ≈ 1.7 in Type I and up to C hhh ≈ 1.35 in Type II) can be achieved in the non-decoupling regime m H 600 GeV, for |c β−α | of the order of 0.1, whereas for heavier m H , C hhh is always suppressed as compared to its SM prediction. The suppression can be about 50% for m H of ∼ 1 TeV and much larger for lighter m H .
For the ratios µ
h X (Y ) of the X → h → Y signal rates relative to the SM prediction, we found distinct correlations of these signal strengths in both Type I and Type II that depend on whether the additional Higgs states are decoupled or not. In fact, in the regime of alignment without decoupling, there are characteristic combinations of the µ h X (Y ) signal strengths that cannot be mimicked by the decoupling limit. However, it is of course also possible that all signal strengths converge to 1 even though the additional Higgs states are very light.
5.
A decisive test of the alignment without decoupling scenario would of course be the observation of the additional Higgs states of the 2HDM in the mass range below about 600 GeV. We delineated the many possibilities for such observations. While there are no guarantees in the case of the Type I model, in the Type II model there is always a definite lower bound on the gg → A, H → τ τ cross sections at the LHC at any given m A . For low tan β ∼ 1, this lower bound is still of order 0.1 fb for m A ∼ 500 GeV, a level that we deem likely to be observable at the LHC during Run 2. For high tan β, the lower bound is roughly two orders of magnitude higher and only falls below the 0.1 fb level for m A,H > ∼ 1.2 TeV, which is already in the decoupling region. Moreover, while in Type I gluon-gluon fusion is always dominant for H or A production, in Type II both bb associated production and gluon-gluon fusion modes are in principle important since either can be dominant in different regions of the parameter space.
6. Higgs-to-Higgs decays of the non-SM-like states (A → ZH, H → ZA, H → AA) also open intriguing possibilities for testing the regime of alignment without decoupling, with cross sections often in the range of 1-10 pb (although they can also be quite suppressed). Particularly promising are gg → H → ZA and gg → H → AA in Type II for light pseudoscalars below about 100 GeV; for such a light A, m H can be at most ∼ 650 GeV, and σ × B values for these channels typically range from 10 fb to 10 pb.
In short, it is possible that the observed 125 GeV Higgs boson appears SM-like due to the alignment limit of a multi-doublet Higgs sector. The alignment limit does not necessarily imply that the additional Higgs states of the model are heavy. Indeed, they can be light and non-decoupled and thus lead to exciting new effects to be probed at Run 2 of the LHC.
A Scalar potential quartic coefficients in the Z 2 -basis in terms of Higgs basis coefficients
In Eqs. (21)- (25), we have provided expressions for the Higgs basis quantities Z i in terms of the quartic coefficients of the scalar potential λ i defined in Eq. (1) . In this appendix, we provide the inverse of Eqs. (21)- (25) where Z 345 ≡ Z 3 + Z 4 + Z 5 . However, these results do not take into account the fact that λ 6 = λ 7 = 0, which yields two relations among the Z i . These relations were given in Eqs. (26) and (27) and are repeated below for the convenience of the reader. Recall that we employ a convention where 0 ≤ β ≤ π then Z 1 = Z 2 and Z 6 = Z 7 . Consequently, the expressions for the λ i in terms of the Z i can be written in numerous equivalent ways depending on the choice of independent quantities. For example, if β = (Z 1 − Z 2 ) , (A.14) Using the results of this Appendix, one can rewrite the stability conditions in terms of the Z i . The resulting expressions are not especially illuminating, so we will not exhibit them explicitly. In addition, we note that (under the assumption of λ 6 = λ 7 = 0) the λ i (i = 1, 2, . . . , 5) can be reconstructed in principle as follows. Assume that c β−α has been deduced from precision measurements of the SM-like Higgs boson (assumed to be h), and β is determined via the properties of the heavier Higgs states. We also assume that all four Higgs masses (m h , m H , m A and m H ± ) have been measured. Lastly, we assume that a small deviation in the signal strength for h → γγ can be attributed to the presence of a charged Higgs loop, 23 in which case we can extract a value for g hH + H − . With all this information in hand, we begin by using Eq. (47) [or equivalently, Eq. (42)] to obtain Z 6 . Next, we employ Eqs. (41) and (43) to obtain Z 1 and Z 5 , and Eqs. (33) and (34) for the squared-mass difference, m 2 H ± − m 2 A to deduce Z 4 − Z 5 , which together with the previous determination yields a value for Z 4 . Close to the alignment limit, 22 Eliminating both Z 6 and Z 7 is not particularly useful in the cases of β = . 23 In absence of a clear deviation from the SM in the γγ signal, one would be forced to seek out some measurable triple Higgs coupling involving no more than a single SM-like Higgs boson to avoid a suppression of the term that is sensitive to Z 3 or Z 7 [cf. Eqs. (59)- (66)].
we can use g hH + H − to extract Z 3 [cf. Eqs. (65) and (76)]. We now have enough information to evaluate Z 345 . Finally, we can use Eqs. (A.9) and (A.10) to obtain Z 2 and Z 7 . We now have all the Z i (for i = 1, 2, . . . 7), which can then be employed with the formulae provided in this Appendix to obtain the λ i (i = 1, 2, . . . , 5).
